Introduction
Nanoelectromechanical systems (NEMS) are attracting increasing attention due to their small size, low power consumption and fast switching speeds [1] . They are regarded as among the most interesting emerging technologies on the ITRS road map [2] . Carbon nanotubes are particularly interesting as NEMS components due to their low mobile mass and high Young's modulus, which enables high speed, combined with their high mechanical strength and ability to withstand extreme conditions of temperature and radiation exposure. The predicted possibility of tuning the resonance frequency over a large range by the application of a gate voltage [3] is particularly promising for many Some prototype carbon NEMS have been reported in the literature [4] [5] [6] [7] [8] [9] [10] [11] but there have been relatively few experimental studies of the high frequency properties of carbon NEMS based on individual carbon nanotubes [12] [13] [14] [15] [16] . The resonance frequencies of doubly clamped suspended single-walled nanotubes (SWNT) have been determined using an indirect mixing technique with a lock-in amplifier [12] [13] [14] . The method requires a semiconducting nanotube and can therefore not be applied to the mechanically more rigid multi-walled nanotubes (MWNT) or nanofibres (CNF) that have been studied as DC prototype NEMS and allow the fabrication of more varied device geometries [4-8, 10,11] .
The mechanical resonances of singly-clamped MWNT have been observed in a field emission microscope where the broadening of the field emission spot was observed as the nanotube was brought into mechanical resonance by the application of an AC voltage on a side gate. The resonance frequency of the MWNT could be tuned by an order of magnitude by increasing the bias voltage on the nanotube and thus increasing the tension [15] . The same technique has recently been used to demonstrate a so-called nanoradio [16] . Although all of these studies provide interesting information concerning the resonance properties of individual carbon nanotubes, they do not provide much needed information on the feasibility of integrating carbon-based NEMS in useful electronic circuits nor on the signal levels that can be expected. In this letter we report the first direct transmission detection of the resonant behaviour of a two-terminal carbon nanofibre relay. We compare the experimental data with the predictions of a small signal model, treating the CNF as a simple series resonator. Good agreement is obtained concerning the resonance amplitude, shape and phase. We show that it is possible to measure the transmission of a single relay device; however, the signal level is very low and most practical applications will need to be based on arrays of such structures.
A schematic diagram of the device is shown in Fig. 1 along with the substrate layout and equivalent circuit model. The small signal model is expected to be valid if the bias voltage applied between the source and the drain electrode, V SD , is much greater than the amplitude of the AC voltage applied in series at the source electrode, V AC , i.e. in the regime of linear response. When a DC bias voltage is applied, the CNF becomes charged with respect to the drain electrode and a capacitive coupling is induced. If the CNF is at mechanical resonance the electric field will vary harmonically thus inducing a surface current at the drain electrode that can be detected. The equivalent motional parameters for the resonator, Fig. 1(b) , are given by [17] :
where m eff ≈ m/5.687 is the effective mass of the CNF (m is its physical mass), V SD is the DC bias voltage,  0 and  are the intrinsic and tuned resonant frequencies of the CNF, Q 0 is the intrinsic mechanical/frictional Q-factor of the resonator and R C is the contact resistance between the resonator and the source electrode. The derivative of the capacitance at the quiescent point,
, is given by:
where CNF Drain   is the static unbiased equilibrium distance between the suspended CNF and the drain electrode, x is the static down-deflection of the CNF for a given DC bias, V SD , and C D0 is the static unbiased equilibrium capacitance between the CNF and the drain electrode [18] . The motional inductance and capacitance are thus determined theoretically by the geometry of the device, the Young's modulus of the CNF and the applied bias voltage, V SD . The motional resistance is then set by the intrinsic Q-factor, Q 0 , and the contact resistance,
where Z in and Z out are the input and output impedance, respectively ( Fig. 1(b) , Z in = 50 , Z out = 100 ). The expression is dominated by the first term.
A magnesium oxide single crystal wafer (Tateho Chemical Industries Co. Ltd.) was chosen as substrate. MgO has a similar dielectric constant (9.65 at 1 MHz) to alumina (9.6 at 1 MHz) which is normally used as a substrate for RF measurements and is also employed in standard SOLT ('short', 'open' , 'load', 'thru') calibration substrates. The smooth epi-polished surface of the MgO proved to be more suitable for nanoscale electrode fabrication than the commercially available alumina substrates. The micron scale coplanar waveguide and ground plate region were patterned by photolithography whereas the nanometer scale source and drain electrodes were patterned in between the coplanar lines using e-beam lithography. The source electrode was patterned to have its surface lying 220 nm above that of the drain electrode (note however, that the suspended nanostructure may not be exactly horizontal and the distance of the tip to the drain electrode may be less than the electrode height difference). The relay device is prepared by depositing dispersed carbon nanofibres using AC dielectrophoresis. The method has been described previously [19] and was used to fabricate prototype three-terminal nanorelays [4] . Due to the highly insulating nature of the substrate, it is not possible to image the device using electron microscopy. For this reason, we have had to use relatively large (50-100 nm diameter, 2-3 m long) carbon nanofibres prepared by DC plasma-enhanced chemical vapour deposition [20] . These structures are just large enough to be imaged with a good optical microscope which allows us to check for the presence and alignment of the carbon nanostructure before the RF measurements. Although these nanostructures are mainly hollow (typically with bamboo-like partitioning), they do not have the highly crystalline structure of good quality multi-walled nanotubes and we prefer to refer to them as nanofibres to clarify this distinction.
Arrays of carbon nanofibres are grown on a Si wafer and then removed and dispersed in sodium dodecyl sulfate (SDS) before being deposited on the source electrode in the presence of a 16V peakto-peak AC voltage at a frequency of 13MHz. After all fabrication steps have been completed, the device is checked in an optical microscope and then mounted on a printed circuit board containing an operational amplifier circuit. S-parameter measurements were performed using an Agilent ENA Network-Analyzer (E7501B). Calibration was done using a SOLT CS-5 calibration substrate and GSG ('ground'-'signal'-'ground') probes with 200 m pitch were employed for all measurements. All experiments were done under high vacuum conditions (5 x 10 -8 Torr) at room temperature. After measurement, the device geometry was checked in a scanning electron microscope after the evaporation of a 25 nm thick gold film to avoid charging problems.
The substrate layout, Fig. 1(c) , has been designed to minimize parasitic cross-talk, making it feasible to realize a broad-band detection scheme using transmission detection with a standard network analyzer. A similar approach was followed by Husain et al. for measurements on a platinum nanowire resonator [21] . The simulated (MOMENTUM ADS) and measured parasitic thru-capacitances for our substrate were found to be 350 aF and 230 aF respectively. Even with an optimized substrate design, the output levels expected from the small signal model were below parasitic contributions. An operational amplifier circuit was connected to the output of the NEMS resonator to provide a gain of 50dB. The details of the final circuit design and measurement setup are supplied in the Supplementary Information.
The resonance signal from a nanofibre relay is shown in Fig. 2 as a function of the source-drain voltage, V SD . The tunability of the resonance peak can be clearly seen. The frequency shift shows the expected V SD 2 dependence up to relatively high bias voltages (>15 V), Fig. 2(c) . Beyond this, the measured frequency appears to saturate and in some cases, even increases (see data points at 18V in Fig. 2(b) ). There are two possible reasons for such behaviour. The first is the "guitar" effect [15] where the electrostatic force induces tension in the CNF that increases the resonance frequency. The second possibility is that the CNF has come into contact with impurity particles present at the source electrode thereby effectively shortening its suspended length and increasing the resonant frequency.
Although we can be sure that we have a large nanofibre resonator in place before the measurements, we cannot completely rule out the presence of much smaller structures at the source electrode that can also be deposited during the nanofibre deposition step. SEM images of the devices after operation indicate the presence of such structures. The data in Fig. 2 (c) indicate the likelihood of the second explanation since the reverse scan frequencies are simply shifted slightly upwards in frequency but show the same slope as for the forward scan. The loaded Q-factors that were extracted from the fitted motional impedance parameters are quite low, ranging from Q L = 54 for V SD = 8V to Q L = 22 at V SD = 18V, Fig. 2(d) . The highest Q-factors we have measured are on the order of 200. However, a more reproducible and better controlled fabrication procedure, yielding cleaner devices, will be necessary to significantly improve the operation. The qualitative trend in Q L is also as expected, Fig. 2(d) but again there appears to be evidence of a change in device behaviour as the source-drain voltage is increased on the first scan.
The results of a quantitative comparison between the theoretical and experimental small signal model parameters are illustrated in Fig. 4 Young's modulus is within the expected range for CNF. The quantitative agreement is very good for the resonant frequency and R m dependence. The agreement between the measured and calculated C m and L m shows slightly more scatter but is still quite good. 
